Abstract-This paper deals with sensorless vector-controlled induction motor drives that are fed by a frequency converter equipped with a diode front-end rectifier. A small dc-link capacitance is used, which makes it possible to replace the electrolytic capacitors with film capacitors. The natural frequency of the dc link is chosen considerably higher than six times the mains frequency but lower than the switching frequency. A recently proposed sensorless controller can be exploited; only minor modifications for small capacitances are needed. Simulation and experimental results of a 2.2-kW drive equipped with a capacitance of only 24 µF demonstrate operation in a wide speed range.
I. INTRODUCTION
Frequency converters used in induction motor drives are usually equipped with a cost-effective six-pulse diode rectifier, a voltage-stiff dc link, and a pulse-width-modulated (PWM) inverter. Conventionally, the dc link consists of electrolytic capacitors and a dc choke (or an ac choke at the input of the rectifier). The natural frequency of the dc link is much lower than six-times the mains frequency, resulting in a stiff dclink voltage. Electrolytic capacitors have a large capacitance per volume. There is an increasing interest in replacing these capacitors by film capacitors having a longer lifetime and no explosion risks, but the dc-link capacitance has to be considerably reduced in order to conserve the size of the capacitor bank.
Small dc-link capacitances have been applied in drives equipped with active rectifiers [1] , [2] , where both the rectifier and the inverter can be used to control the power balance of the dc link. Commercial drives equipped with a diode rectifier and a small dc-link capacitance are available [3] , [4] ; a small capacitance is advertised to reduce the mains harmonics, while the dynamic performance of the drive has not been used as an argument. In research publications, the concept of a diode rectifier and a small dc-link capacitance has received little attention, with the exception of recent studies from the viewpoint of pulse-width modulation [5] , [6] .
In this paper, the dimensioning of the dc link is based on a natural frequency that is higher than six times the mains frequency but lower than the switching frequency. In practice, the mains inductance is sufficient, and no additional choke is needed. The vector control with rotor flux orientation is used. The effects of the small dc-link capacitance on the control system design and control performance are studied. The ripple in the dc-link voltage, especially at six times the mains frequency, is considerably higher than usually. At low speeds, this ripple does not deteriorate the performance, since the duty cycles of the pulse-width modulator are calculated based on the measured dc-link voltage. At high speeds, the flux level is controlled based on the pulsating dc-link voltage in order to maximize the torque [7] , [8] . To avoid a braking resistor, the braking scheme proposed in [8] is exploited. Furthermore, restrictions on the dynamics may be needed to prevent an overvoltage in the dc link, except in the case of low-power drives.
II. SYSTEM MODEL

A. Diode Rectifier and DC Link
The models of the drive system components are presented in the following. Fig. 1(a) shows a three-phase model of the mains, the diode rectifier, and the dc link. The mains resistance and inductance are denoted by R g and L g , respectively, and the dc-link inductance, resistance, and capacitance are
, and C d , respectively. The phase-to-neutral mains voltages are u ga , u gb , and u gc , having the peak value u g and the angular frequency ω g . The current at the output of the rectifier is i di , while the current and voltage at the input of the inverter are i d and u d , respectively. The inverter is not shown in the figure. It is modeled by three ideal changeover switches.
The model in Fig. 1(a) is approximated by a simplified model in Fig. 1(b) . The ideal rectified voltage is
or in terms of its harmonic components
where the average is u dN = 3 √ 3u g /π. The parameters are [9] 
where the term 3ω g L g /π corresponds to the non-ohmic voltage drop due to commutation. The differential equations
correspond to Fig. 1(b) . From (4), the rate of change of the energy stored in the capacitor can be expressed as
where p d = u d i d is the power into the inverter and p di = u d i di is the power on the rectifier side of the dc-link capacitance.
Advantages of the simplified model in Fig. 1(b) are comparatively short simulation times and easier analysis. 
B. Induction Motor and Mechanics
The dynamic model corresponding to the inverse-Γ equivalent circuit [10] of the induction motor will be used. In a general reference frame, the voltage equations are
where u s is the space vector of the stator voltage, i s the space vector of the stator current, R s the stator resistance, and ω k the electrical angular speed of the reference frame. The rotor resistance is R R , the rotor current i R , and the electrical angular speed of the rotor ω m . The stator and rotor flux linkages are
respectively, where L M is the magnetizing inductance and L ′ s the stator transient inductance.
The electromagnetic torque is given by
where p is the number of pole pairs and the symbol * marks the complex conjugate. The equation of motion is
where J is the total moment of inertia of the mechanical system, T L the load torque, and b the viscous friction coefficient. The stator power can be expressed as
where the resistive losses and the rate of change of the magnetic energy are respectively. The magnitude of the stator current is i s = |i s |, and the magnitudes of other space vectors are denoted similarly. The mechanical power is
where the last form is obtained using (9) . The losses in the inverter will be omitted for simplicity, i.e. p s = p d holds. Steady-state operation without a braking resistor is possible if the condition
III. DC-LINK DIMENSIONING AND CONTROL SYSTEM
A. DC-Link Dimensioning
Assuming constant i d in (4), the undamped natural frequency and the damping ratio of the dc link are
respectively. Conventionally, the dc link is dimensioned to effectively filter the six-fold mains frequency appearing in the voltage u di . Hence, the natural frequency ω n < 6ω g is selected, while the vicinity of 2ω g is avoided due to possibly unsymmetrical mains voltages. The costs of the dc link can be significantly decreased if its natural frequency can be selected considerably higher than the six-fold mains frequency but lower than the switching frequency. This principle, 6ω g < ω n < ω sw , leads to the restrictions
where L d,min and L d,max are the expected minimum and maximum values of the inductance L d , and ω sw is the angular switching frequency. According to (14), the damping of the dc link is better if no additional chokes are used.
B. Speed-Sensorless Control System
A speed-sensorless rotor-flux-oriented control system proposed in [8] is used with minor modifications relating to the small dc-link capacitance. A simplified block diagram of the system is shown in Fig. 2 . The parts essential to the small dc-link capacitance will be described here.
1) Flux Observer: The rotor flux estimate (whose amplitude is denoted byψ R and angle byθ s ) and the rotor speed estimateω m are obtained using a speed-adaptive flux observer [11] . Both the measured stator current i s and the stator voltage reference u s,ref are fed back to the flux observer. A pulsewidth modulator cannot perfectly compensate the effects of the oscillating dc-link voltage on the stator voltage u s , leading to noise in the stator current. Furthermore, a current controller migrates noise at lower frequencies to the voltage reference u s,ref . Consequently, when a small dc-link capacitance is used, the damping of the flux observer is more important than usually due to the increased noise content. The damping of the observer can be analyzed using the corresponding linearized model.
2) Field Weakening: The field-weakening controller forces the stator voltage to its maximum value by adjusting the reference i sd,ref of the flux-producing current component as
2 is the controller gain, u 3) Braking Scheme: The speed controller is augmented with a dc-link overvoltage controller, limiting the braking torque based on the measured dc-link voltage and the maximum dc-link voltage u d,max . According to [8] , the dc-link overvoltage controller is implemented as a dynamic limit for the torque-producing current component,
where α u is the bandwidth of the resulting closed-loop system
sq is the estimate of the resistive losses. This limit is enabled ifω m i sq,ref < 0. Naturally, the limits corresponding to the maximum stator current and the breakdown torque are also used. Furthermore, a fluxbraking controller-making the losses larger during braking by increasing the flux-is integrated with the field-weakening controller [8] .
4) Restriction of Dynamics: Contrary to the conventional dc link, overvoltages may be caused in the dc link by changes of the energy stored in the motor inductances or in the mains inductance. Usually, the larger the rated power of the drive, the smaller is the per-unit capacitance corresponding to (15). Hence, the rate of change of the stator current may have to be restricted to avoid dc-link overvoltages during transients. Furthermore, the ripple in the dc-link voltage is increased due to the smaller per-unit capacitance in larger-power drives. 
IV. DATA OF EXAMPLE DRIVES
The data of two induction motor drives (2.2 kW and 37 kW) used in simulations are given in Table I . The 2.2-kW drive was also used for laboratory experiments. In this drive, the builtin 8-mH dc choke of a commercial frequency converter was short-circuited, and the original electrolytic capacitors (235 µF in total) were replaced with film capacitors (24 µF in total). The experimental setup was fed by a 500-kVA, 20-kV/400-V, 50-Hz distribution transformer. The unknown parameters R d and L d (only needed for simulations) were determined by fitting the simulated mains current to the measured one, as illustrated in Fig. 3 . The natural frequency depends on the inductance L d while the damping is determined by the resistance R d .
For the 37-kW drive, the capacitance of 72 µF was used in the simulations. The inductance L d was chosen to equal that of the 2.2-kW drive since the same distribution transformer was assumed for both drives. The resistance R d was chosen to be inversely proportional to the rated power of the drive, i.e., the term R ′ d was assumed to dominate in (3). The total moment of inertia J for both drives was 2.2 times the inertia of the A conventional space-vector pulse-width modulator and synchronized sampling (once per carrier) are used in the simulations and experiments. The switching frequency is 5 kHz, i.e., ω sw = 100ω g . The duty cycles are determined in the beginning of the carrier period using the dc-link voltage u d measured in the beginning of the previous carrier cycle. The bandwidth of the current controller is 6 p.u. for the 2.2-kW drive. The bandwidth of the PI speed controller-including the active damping [7] -is 0.15 p.u. for the 2.2-kW drive and 0.08 p.u. for the 37-kW drive. The maximum stator current is i s,max = 1.5 p.u. The bandwidth of the dc-link overvoltage controller is 0.6 p.u. and the maximum dc-link voltage is u d,max = 1.15 · u dN .
V. SIMULATION RESULTS
A. Harmonic Spectra
Simulated waveforms of the dc-link variables and their harmonic spectra are presented in this subsection for the 2.2-kW drive. The drive operates in steady state at rated speed and torque. The waveform and the spectrum of the dc-link current i d are presented in Fig. 4 . Contrary to the corresponding spectrum of the conventionally dimensioned drive, the harmonic at 6ω g and its multiples originating from the mains are clearly visible in Fig. 4 . No significant harmonics appear in the vicinity of the natural frequency of the dc link (ω n = 42.4 · ω g ). Fig. 5 shows the waveform and the spectrum of the dc-link voltage u d . As can be assumed, harmonics close to the natural frequency are pronounced. Since the ripple at 6ω g is large, the proper operation of the field-weakening controller is crucial in order to guarantee the control of the stator currents at higher speeds. Fig. 6 depicts the waveform and the spectrum of the dc-link current i di . Harmonics close to the natural frequency are increased, and harmonics originating from the inverter switching can also be seen. Fig. 7 shows simulation results of an acceleration and a speed reversal for the 2.2-kW drive. The speed reference is stepped from zero to 1 p.u. at t = 0.25 s and reversed at t = 1.25 s. The rated load torque is applied stepwise at t = 0.5 s and removed at t = 1 s. The removal of the load torque and the speed reversal activate the braking scheme. During the braking operation, the dc-link overvoltage controller drives the power p d to zero while the flux-braking controller increases the losses by maximizing first the stator voltage at higher speeds and then the stator current at lower speeds. The performance of the drive is similar to the drive equipped with the conventional dc link, with the exception of slightly larger torque ripple at six times the mains frequency.
B. Transients
Simulation results of the 37-kW drive showing the beginning of an acceleration are depicted in Fig. 8 . The bandwidth of the current controller is 8 p.u. in Fig. 8(a) . The speed reference is stepped from zero to the rated speed at t = 5 ms, causing the step in the reference of the torque-producing current component i sq . The power into the dc-link capacitance is the difference between the power p di from the mains side and the power p d into the inverter. The small capacitance can deliver the power p d only a while after t = 5 ms. Then, the power p di (or the current i di ) increases rapidly and becomes larger than the power p d (or the current i d ). When the dc-link voltage u d begins to rise, the power p di being more than 1 p.u. cannot decrease immediately due to the inductance L d . Hence, the dc-link voltage rises to approximately 1.3 · u dN before the power p di reaches zero. After p di = 0, the dc-link voltage still rises due to p d < 0. This phenomenon is explained in the following.
During the current rise, the rotor speed is ω m ≈ 0 due to the moment of inertia, resulting in the mechanical power p m ≈ 0. Furthermore, the magnitude of the rotor flux remains approximately constant. Hence, the power p d can be approximated based on (10) as
In Fig. 8(a) , there is an overshoot in the actual current component i sq leading to di Fig. 8(a) is to reduce the rate of change of the stator current by decreasing the bandwidth of the current controller. In Fig. 8(b) , the current controller bandwidth is 4 p.u., and no dc-link overvoltage appears. In the case of the 2.2-kW drive, similar overvoltages do not occur due to the significantly larger per-unit capacitance C d .
VI. EXPERIMENTAL RESULTS
The operation of the 2.2-kW drive was also investigated experimentally. The induction motor was fed by a frequency converter controlled by a dSPACE DS1103 PPC/DSP board. A permanent-magnet servo motor was used as a loading machine.
The acceleration and a speed reversal in Fig. 9 correspond well to the simulation results in Fig. 7 . Braking is faster than that in Fig. 7 , mainly because the iron losses were not modeled in the simulation. A non-detrimental oscillation at twice the stator frequency appears in the dc-link voltage during flux braking. The oscillation originates from the asymmetric saturation characteristics of the stator.
Operation in the field-weakening range is depicted in Fig. 10 . The speed reference is stepped from zero to 3 p.u. at t = 0.5 s and back to zero at t = 3 s. Since i sd,ref is adjusted based on the available voltage, the current references are realizable in the field-weakening range. It can be seen that the dc-link overvoltage controller works well and no overshoots appear in the dc-link voltage. Fig. 11 depicts a load torque step and its reversal at zero speed reference. The rated load torque is stepwise applied at t = 1 s, reversed at t = 5 s, and removed at t = 9 s. The ripple in the dc-link voltage does not cause problems at low speeds since it is measured and compensated in the pulsewidth modulator.
VII. CONCLUSION
A small dc-link capacitance can be used in vector-controlled induction motor drives when the natural frequency of the dc link is chosen considerably higher than six times the mains frequency but lower than the switching frequency. No choke is needed at the input or output of the diode rectifier. Simulation and experimental results of a 2.2-kW drive equipped with a dc-link capacitance of 24 µF demonstrate that the drive can be operated in a wide speed and load range. The torque ripple is larger than that in the conventionally dimensioned drive but still within acceptable ranges. Based on simulation results, a small dc-link capacitance can also be used in a 37-kW drive, but the dynamics have to be restricted slightly.
